Abstract. With PM2.5 continuously impacting people's lives, researchers are starting to pay more attention on the treatment of flue gas emitted from coal-fired boilers. This paper introduces an ultrasonic assisted ejectors dust removal device. The device uses ejectors to effectively remove acid substances and large dust particles contained in flue gas, and uses air dynamic ultrasonic atomizer to eliminate micro dust particles effectively. In the paper, principle of ejectors and air dynamic ultrasonic atomization nozzle are studied, and the optimal value of the ejector ratio of ejectors is determined through experiment. The paper also analyzes different atomization of air dynamic ultrasonic atomization nozzle under different working condition. Then the overall scheme of the flue gas processing device is designed. Finally, the efficiency of processing dust and sulfur dioxide in the flue gas is tested during experiments on the industrial worksite. For the gas emissions from domestic small and medium sized coal-fired boilers, this device is more efficient and costs less energy.
Introduction
In China, some small and medium-sized factories require coal-fired boilers (such as brick and ceramic factories). For these companies, the major gas treatment method is dry dust removal, including electrostatic precipitator, baghouse and electric-bag composite dust cleaning [1] [2] [3] , and the cost of using ESP and fabric filters is very expensive. There are also wet treatments, such as spraying water on the gas and water burying [4] [5] [6] , but these methods can't meet the new emission standards in China. For instance, the Chinese GB13271-2014 of the boiler emission standards of air pollutants, which was released in 2014, sets a particle concentration limit for new boiler's flue-gas to 50mg/m 3 , and emissions of sulfur dioxide concentration are to be limited to 300mg/m 3 . Therefore, they need a new energy saving and efficient flue gas treatment device. This paper proposes ultrasonic assisted ejectors dust removal device, which is a kind of wet flue gas treatment. In this device, there are ejectors and air dynamic ultrasonic atomization nozzles, and most particles are removed by the fluid. The device has the advantages of simple structure, a high safety factor and low energy consumption.
Working Principle of Ejectors
The structure of the ejector is shown in Fig. 1 . An ejector is composed of a suction chamber, a nozzle, a throat, a diffuser, etc. High pressure alkaline liquid goes into the ejector from the entrance of work liquid. When the alkaline liquid arrives at the nozzle, its velocity is increased and the pressure is reduced. At the same time, flue gas at the injection fluid entrance is sucked into the ejector. Alkaline liquid and flue gas will then exchange potential energy and kinetic energy with each other. When the mixed fluid passes through the throat and the diffuser, the flow velocity decreases gradually while the pressure increases gradually. The fluid is then finally ejected from the device. The biggest advantage of the ejector is that the flue gas and the alkaline solution are fully mixed, and it can achieve the best result of dust washing and neutralization. 
Experiment on Ejector
Process. The ejection ratio, which is volume flow ratio of ejecting gas and liquid, is an important parameter. In the device, the smaller the number of ejectors, the higher the proportion, the lower the cost and energy consumption. The ejection ratio can be estimated in the designing, but estimation is not accurate due to the processing conditions and selection of working parameters. In order to ensure reasonable collocation of ejector's energy dissipation and ejection ratio, experiment was used to determine the ejection ratio [7, 8] . 2 is the photo of experimental operating platform. In the experiments, the working liquid was water and the injection fluid was air. The purpose of the experiment was to determine the ejection ratio, which provided the basis to determinate the number of ejector installed in the device. The operational process of the experiment is as follows: the volume flow of water is monitored using a flowmeter, and a centrifugal pump pressurized the water from the tank. Before the high pressure water entered the ejector, the pressure of the water was measured by the pressure sensor. The injection fluid entrance was connected with air. When high pressure water passed through the nozzle, the pressure was reduced, so air was sucked into the ejector and mixed with the water. Finally, the mixed fluid flowed back into the tank. During the experiment, a frequency converter was used to change the flow rate of the centrifugal pump, and water was pressurized to 0.6MPa, 0.8MPa, 1.0MPa and 1.2MPa. Four sets of experiments were carried out in the each pressure condition. Volume flow of water and gas were recorded every 10 min.
Results. Table 1 is the data of experiments. Although the ejector ratio under 1.2MPa is higher than under 1.0MPa, considering the energy consumption of the system, the 1.2MPa working pressure is not suitable, so 1.0MPa is selected as the working pressure, and ratio is identified as 8.5.
During the combustion of 1 ton of standard coal, the volume of flue gas released is 11500m Working Principle of Air Dynamic Ultrasonic Atomization Nozzle Figure 3 . Structure of the pneumatic ultrasonic nozzle.
The structure of air dynamic ultrasonic nozzle structure is shown in Fig. 3 . The ultrasonic nozzle is composed of the gas channel, the alkaline solution channel, La Farge nozzle, the central rod, stent and resonant cavity. High pressure air gets into gas channel, and high alkaline solution gets into the nozzle from the external solution channel at the same time. When the high-pressure air arrives at the outlet of La Farge nozzle, gas velocity reaches supersonic speed. Then supersonic air mixes with alkaline solution at the nozzle outlet and mixture transmit the energy to the resonant cavity along the center rod to produce ultrasonic. Ultrasonic vibration drives the mixed fluid to deviate from the crest, and the liquid splits into liquid particles. With continuously effect of ultrasonic, liquid particles split into much more little particles, which can reach good atomization. Usually, the diameter of atomization particles are 25~45 microns [9] [10] [11] . Figure 4 . Atomization effect of pneumatic ultrasonic nozzle.
Experiment on Air Dynamic Ultrasonic Atomization Nozzle
Process. The purpose of the experiment is to determine the optimal air and hydraulic working pressure. Liquid water is used in this experiment, and the pressure range of water is 0.1~0.4MPa. Air is used as gas, and the pressure range is 0.1~0.6MPa. LS-909 laser particle size analyzer is used for statistical analysis of atomized water particle size (use the highest frequency of the particle size as the experimental results of liquid particle size under each working condition) [12] . The atomization effect of air dynamic ultrasonic atomizer in a certain condition is shown in Fig. 4 .
Results. The experimental data of atomized particle size is shown in Table 2 . According to the results of experiment, when the water pressure is 0.1MPa and the air pressure is 0.6MPa, the laser particle size analyzer shows that highest frequency of the particle size is 25μm. These liquid particles can complete the treatment on micron sized particles in the flue gas, and the ejection angle under this working condition is 80 degrees. In order to ensure the effect of atomizing, there are two air dynamic ultrasonic nozzles in the vertical direction of the flue gas treatment device to deal with micron sized particles in the flue gas. 
Overall Design of the Device
The ultrasonic assisted ejectors dust removal device is composed of ejectors and air dynamic ultrasonic nozzles. Flue gas first passes through the ejector device. During this stage, large particles of pollutants contained in the flue gas are removed and the acid and alkaline solutions are fully mixed. The large particles of pollutants sink to the bottom of the device filled with water, and the acid substances are removed by neutralization. Flue gas which has finished this first stage of processing then passes through the micro alkaline particles sprayed by the air dynamic ultrasonic atomization nozzle. This time, the smaller particles are absorbed by the alkaline particles and sink to the bottom of the device. After going through the treatment, the cleaned flue gas is discharged from the device through the exhaust pipe and goes into the chimney, where it is finally released into the atmosphere. This treatment program is mainly for purifying the flue gas of small and medium companies, and the alkaline solution can be recycled after the treatment, so the amount of water used is small. There is special processing equipment for sewage treatment, and the process is relatively mature.
The overall design of the ultrasonic assisted ejectors dust removal device is shown in Fig. 5 . Figure 5 . The overall design of the ultrasonic assisted ejectors dust removal device.
The main parts of the device: 1 -tank, 2 -guiding pipe, 3 -low flange group, 4 -ejectors device, 5 -cylinder, 6 -high flange group, 7 -porous water blocking plate, 8 -heads, 9 -exhaust pipes, 10 -air dynamic ultrasonic atomization nozzle, 11 -barometer, 12 -gas branch, 13 -water pressure gauge, 14 -water branch, 15 -air pipe, 16 -water pipe, 17 -plumbing valve, 18 -flange, 19 -air pipe valve, 20 -air compressor, 21 -water supply pipe, 22 -water supply valve, 23 -water pump, 24 -circulating pipe, 25 -circulating valve, 26 -water pressure gauge, 27 -cone, 28 -flue gas entrance, 29 -water supply pipe branch.
Experiment on integrated device
After the determination of the relevant parameters, the overall assembly and testing of the device have been carried out. Fig. 6 is a photo of the device and Fig. 7 is a comparison of the smoke emission from the chimney before and after the treatment. The experimental site is a food processing company in Huangdao, a district in Qingdao City, Shandong Province, China. In the experiment, the flue gas was sampled before and after the treatment every 30 min, and the amount of dust and sulfur dioxide were detected by H110756, which is a fully automatic dust test instrument. The experiment data is shown in Table 3 , including the amount of dust and sulfur dioxide before and after flue gas treatment, and the treatment's efficiency. The results show that the device's dust treatment efficiency could reach 98.0%, and that the sulfur dioxide treatment efficiency could reach 98.5%. According to the Chinese GB13271-2014 boiler air pollutant emission standards released in 2014, the new concentration limit for boiler flue gas particulate emission is 50mg/m 3 , and the concentration limit for sulfur dioxide emissions is 300mg/m 3 . It can be concluded that the ultrasonic assisted ejectors dust removal device can meet the national standard.
Conclusion
In this paper, there is an introduction of the principle of ejectors, and through the analysis, calculation, design and manufacture of ejectors, the optimal value of the ejector ratio of ejectors is obtained in experiments. On the basis of the existing experimental conditions, the number of injection drainage device is determined. Then the principle of ultrasonic atomizer is analyzed. After a series of calculation and design, the optimum working conditions of ultrasonic atomization nozzle are determined. According to the jet angle of the nozzle under the optimum working condition, the number and arrangement of the ultrasonic atomizing nozzle in the device are finally determined.
After the whole design and processing, the experiment on integrated device was carried out. Experiments show that the device of dust treatment efficiency can reach 98.0%, and the sulfur dioxide treatment efficiency can reach 98.5%. The content of particles and sulfides in flue gas can meet the basic requirements of China. In addition, the device has the advantages of low energy consumption, simple structure and so on, all of which are of great significance to the improvement of the Chinese coal-fired boiler flue gas treatment.
